Measurement of the ratio of branching fractions B(B 0 → K * 0 γ)/B(B 0 s → φγ) and the direct CP asymmetry in B 0 → K * 0 γ
, is affected by a smaller theoretical uncertainty from the hadronic form factors than the branching fraction calculation. The precision on the current experimental value, A CP (B 0 → K * 0 γ) = (−1.6 ± 2.2 ± 0.7)% [5, 9], is statistically limited and more precise measurements would constrain contributions from beyond the SM scenarios, some of which predict that this asymmetry could be as large as −15% [10] . This paper presents a measurement of B(B 0 → K * 0 γ)/B(B 0 s → φγ) using 1.0 fb −1 of data taken with the LHCb detector. The measured ratio and the world average value of B(B 0 → K * 0 γ) are then used to determine B(B 0 s → φγ). This result supersedes a previous LHCb measurement based on an integrated luminosity of 0.37 fb −1 of data at √ s = 7 TeV [11] . A measurement of the direct CP asymmetry of the decay B 0 → K * 0 γ is also presented.
1 Unless stated otherwise, charge conjugated modes are implicitly included throughout this paper.
The LHCb detector and dataset
The LHCb detector [12] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector includes a high precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream. The combined tracking system has a momentum resolution ∆p/p that varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and an impact parameter (IP) resolution of 20 µm for tracks with high transverse momentum (p T ). Charged hadrons are identified using two ring-imaging Cherenkov detectors (RICH). Photon, electron and hadron candidates are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified by a system composed of alternating layers of iron and multiwire proportional chambers. The trigger consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage which applies a full event reconstruction.
Decay candidates are required to have triggered on the signal photon and the daughters of the vector meson. At the hardware stage, the decay candidates must have been triggered by an electromagnetic candidate with transverse energy (E T ) > 2.5 GeV. The software stage is divided into two steps. The first one performs a partial event reconstruction and reduces the rate such that the second can perform full event reconstruction to further reduce the data rate. At the first software stage, events are selected when a charged track is reconstructed with IP χ 2 > 16. The IP χ 2 is defined as the difference between the χ 2 of the pp interaction vertex (PV) fit reconstructed with and without the considered track. Furthermore, a charged track is required to have either p T > 1.7 GeV/c for a photon with E T > 2.5 GeV or p T > 1.2 GeV/c when the photon has E T > 4.2 GeV. At the second software stage, a track passing the previous criteria must form a K * 0 or φ candidate when combined with an additional track, and the invariant mass of the combination of the K * 0 (φ) candidate and the photon candidate that triggered the hardware stage is required to be within 1 GeV/c 2 of the world average B 0 (B 0 s ) mass. The data used for this analysis correspond to 1.0 fb −1 of pp collisions collected in 2011 at the LHC with a centre-of-mass energy of √ s = 7 TeV.
Large samples of B 0 → K * 0 γ and B 0 s → φγ Monte Carlo simulated events are used to optimise the signal selection and to parametrise the invariant-mass distribution of the B meson. Possible contamination from specific background channels has also been studied using dedicated simulated samples. For the simulation, pp collisions are generated using Pythia 6.4 [13] with a specific LHCb configuration [14] . Decays of hadronic particles are described by EvtGen [15] in which final state radiation is generated using Photos [16] . The interaction of the generated particles with the detector and its response are implemented using the Geant4 toolkit [17] as described in Ref. [18] .
Offline event selection
The selection of B 0 → K * 0 γ and B 0 s → φγ decays is designed to maximise the cancellation of uncertainties in the ratio of their selection efficiencies.
The charged tracks used to build the vector mesons are required to have p T > 500 MeV/c, with at least one of them having p T > 1.2 GeV/c. In addition, a requirement of IP χ 2 > 25 means that they must be incompatible with coming from any PV. The charged tracks are identified as either kaons or pions using information provided by the RICH system. This is based on the comparison between the two particle hypotheses. Kaons (pions) in the studied B → V γ decays, where V stands for the vector meson, are identified with a ∼ 70 (83) % efficiency for a ∼ 3 (2) % pion (kaon) contamination.
Photon candidates are required to have E T > 2.6 GeV. Neutral and charged clusters in the electromagnetic calorimeter are separated based on their compatibility with extrapolated tracks [19] while photon deposits are distinguished from π 0 deposits using the shape of the showers in the electromagnetic calorimeter.
Oppositely-charged kaon-pion (kaon-kaon) combinations are accepted as K * 0 (φ) candidates if they form a good quality vertex and have an invariant mass within ±50 (±10) MeV/c 2 of the world average K * 0 (φ) mass [9] . The resulting vector meson candidate is combined with the photon candidate to make a B candidate. The invariantmass resolution of the selected B candidate is ≈100 MeV/c 2 for the decays presented in this paper.
The B candidates are required to have an invariant mass within 1 GeV/c 2 of the world average B mass [9] and to have p T > 3 GeV/c. They must also point to a PV, with IP χ 2 < 9, and the angle between the B candidate momentum direction and the B line of flight has to be less than 20 mrad. In addition, the vertex separation χ 2 between the B meson vertex and its related PV must be larger than 100. The distribution of the helicity angle θ H , defined as the angle between the momentum of any of the daughters of the vector meson and the momentum of the B candidate in the rest frame of the vector meson, is expected to follow a sin 2 θ H function for B → V γ, and a cos 2 θ H function for the B → V π 0 background. A requirement of | cos θ H | < 0.8 is therefore made to reduce B → V π 0 background, where the neutral pion is misidentified as a photon. Background coming from partially reconstructed B-hadron decays is reduced by requiring the B vertex to be isolated: its χ 2 must increase by more than two units when adding any other track in the event.
Signal and background description
The signal yields of the B 0 → K * 0 γ and B The fit to the invariant mass of the vector-meson candidates yields a resonance mass of 895.7 ± 0.4 MeV and 1019.42±0.09 MeV for the K * 0 and φ, respectively, in agreement with the world average values [9] . The detector resolution extracted from the fit is 5 ± 4 MeV for the K * 0 resonance and 1.3 ± 0.1 MeV for the φ. The effect of taking the value found in data or the world average as the central value of the vector meson mass window is negligible. In addition no systematic uncertainty due to the choice of the line shape of the resonances is assigned.
Both B 0 → K * 0 γ and B 0 s → φγ signal distributions are parametrised with a two-sided Crystal Ball distribution [23] . In the low mass region, there can be possible losses in the photon energy due to the fiducial volume of the calorimeter. A tail at high masses is also observed and can be explained by the spread in the error of the reconstructed B mass and pile-up effects in the photon deposition. The parameters describing the tails on both sides are fixed to the values determined from simulation. The width of each signal peak is left as a free parameter in the fit.
The reconstructed mass distribution of the combinatorial background has been determined from the low-mass sideband of the K * 0 mass distribution as an exponential function with different attenuation constants for the two decay channels. Additional con-tamination from several exclusive background decays is studied using simulated samples. The partial reconstruction of the charged B → h + h ′− γX or B → h + h ′− π 0 X decays gives a broad contribution at lower candidate masses, with a high-mass tail that extends into the signal region. The partially reconstructed B
decays also contribute at the same level and several other channels exhibit a similar final state topology. These contributions are described by a Crystal Ball function and the yields are left to vary in the fit. The parameters of the Crystal Ball function are determined from the simulation. Additional contributions from the partial reconstruction of multi-body charmed decays and B → V π 0 X have been added to the simultaneous fit in the same way. The shape of these contributions, again determined from the simulation, follows an ARGUS function [24] peaking around 4.0 GeV/c 2 . The various background contributions included in the fit model are summarised in Table 1. At the trigger level, the electromagnetic calorimeter calibration is different from that in the offline analysis. Therefore, the ±1 GeV/c 2 mass window requirement imposed by the trigger causes a bias in the B meson acceptance to appear near the limits of this window. The inefficiency at the edges of the mass window is modelled by including a three-parameter threshold function in the fit model
where erf is the Gauss error function. The parameter t L (t U ) represents the actual lower (upper) mass threshold and σ d is the resolution.
Measurement of the ratio of branching fractions
The ratio of branching fractions is measured as 2 Λ * stands for Λ(1520) and other b-baryon resonances promptly decaying into a pK − final state. s → φγ yields in the ±1 GeV/c 2 mass window from the exclusive background channels: radiative decays, h + h ′− γ (top), charmless b decays involving energetic π 0 , h + h ′− π 0 (middle) and partially reconstructed decays (bottom). The average measurement (exp.) or theoretical (theo.) branching fraction is given where available. Each exclusive contribution above 0.1% is included in the fit model, with a fixed shape determined from simulation. The amplitude of the partially reconstructed backgrounds is left to vary in the fit while the h + h ′− γ and h + h ′− π 0 contributions are fixed to their expected level.
Decay
Branching fraction Relative contribution to
where N are the observed yields of signal candidates, 
s → φγ is found from partially reconstructed B → K * 0 (φ)π 0 X decays. The Poisson χ 2 residuals [22] are shown below the fit with the ±2 σ confidence-level interval delimited by solid red lines.
is dominated by the effect from the partially reconstructed background. This procedure is repeated to evaluate the systematic uncertainty from the signal-shape modelling, by varying the parameters of the Crystal-Ball tails within their uncertainty. A relative variation of [−1.3, +1.4]% on the yield ratio is observed and added to the systematic uncertainty. As a cross-check of the possible bias introduced on the ratio by the modelling of the mass window thresholds and the partially reconstructed background that populates the low mass region, the fit is repeated in a reduced mass window of ±700 MeV/c 2 around the world average B meson mass. The result is found to be statistically consistent with the nominal fit. Combining these systematic effects, an overall ( +2.0 −1.8 )% relative uncertainty on the yield ratio is found.
The efficiency ratio can be factorised as
where r reco&sel , r PID and r trigger are the efficiency ratios due to the reconstruction and selection requirements, the particle identification (PID) requirements and the trigger re-quirements, respectively. The correlated acceptance of the kaons due to the limited phase-space in the φ → K + K − decay causes the φ vertex to have a worse spatial resolution than the K * 0
vertex. This affects the B 0 s → φγ selection efficiency through the IP χ 2 and vertex isolation cuts, while the common track cut p T > 500 MeV/c is less efficient on the softer pion from the K * 0 decay. These effects partially cancel and the reconstruction and selection efficiency ratio is found to be r reco&sel = 0.906 ± 0.007 (stat.) ± 0.017 (syst.). The majority of the systematic uncertainties also cancel, since the kinematic selections are almost identical for both decays. The remaining systematic uncertainties include the hadron reconstruction efficiency, arising from differences in the interaction of pions and kaons with the detector and uncertainties in the description of the detector material. The reliability of the simulation in describing the IP χ 2 of the tracks and the isolation of the B vertex is also included in the systematic uncertainty on the r reco&sel ratio. The simulated samples are weighted for each signal and background contribution to reproduce the reconstructed mass distribution seen in data. No further systematic uncertainties are associated with the use of the simulation, since kinematic properties of the decays are observed to be well modelled. Uncertainties associated with the photon are negligible, because the reconstruction is identical in both decays.
The PID efficiency ratio is determined from data by means of a calibration procedure using pure samples of kaons and pions from D * ± → D 0 (K + π − )π ± decays selected without PID information. This procedure yields r PID = 0.839 ± 0.005 (stat.) ± 0.010 (syst.).
The trigger efficiency ratio r trigger = 1.080 ± 0.009 (stat.) is obtained from the simulation. The systematic uncertainty due to any difference in the efficiency of the requirements made at the trigger level is included as part of the selection uncertainty.
Finally, the ratio of branching fractions is obtained using Eq. 2,
where the first uncertainty is statistical, the second is the experimental systematic uncertainty and the third is due to the uncertainty on f s /f d . The contributions to the systematic uncertainty are summarised in Table 2 .
6 Measurement of the CP asymmetry in B 0 → K * 0 γ decays The B 0 → K * 0 γ and B 0 → K * 0 γ invariant mass distributions are fitted simultaneously to measure a raw asymmetry defined as
where N(X) is the signal yield measured in the final state X. This asymmetry must be corrected for detection and production effects to measure the physical CP asymmetry. 
Signal and background modelling
The detection asymmetry arises mainly from the kaon quark content giving a different interaction rate with the detector material depending on its charge. The B 0 and B 0 mesons may also not be produced with the same rate in the region covered by the LHCb detector, inducing the B 0 meson production asymmetry. The physical CP asymmetry and these two corrections are related through
where A D (Kπ) and A P (B 0 ) represent the detection asymmetry of the kaon and pion pair and B 0 meson production asymmetry, respectively. The dilution factor κ arises from the oscillations of neutral B mesons.
To determine the raw asymmetry, the fit keeps the same signal mean and width, as well as the same mass-window threshold parameters for the B 0 and B 0 signal. The yields of the combinatorial background and partially reconstructed decays are allowed to vary independently. The relative amplitudes of the exclusive peaking backgrounds,
, are fixed to the same values for both B flavours. Figure 3 shows the result of the simultaneous fit. The yields of the combinatorial background across the entire mass window are compatible within statistical uncertainty. The number of combinatorial background candidates is 2070±414 and 1552±422 in the full mass range for the B 0 → K * 0 γ and B 0 → K * 0 γ decays, respectively. The contribution from the charmless partially reconstructed decay B + → K * 0 π + γ to B 0 → K * 0 γ and B 0 → K * 0 γ is (10 ± 6) % and (24 ± 7) % of the signal yield, respectively. Furthermore, the charmed partially reconstructed decays B → K * 0 π 0 X contribute with (7 ± 8) % and (9 ± 8) % of the signal yield to the B 0 → K * 0 γ and B 0 → K * 0 γ decays, respectively. The latter decays give contributions that are mainly located outside the signal invariant-mass region, as can be seen from Fig. 3 .
The value of the raw asymmetry determined from the fit is A RAW = (0.3 ± 1.7) %, where the uncertainty is statistical only.
The systematic uncertainty from the background modelling is determined as explained in Sect. 4. To address the systematic uncertainty from the possible CP asymmetry in the background, the yield of the
. For the other decays, a measurement of the CP asymmetry has not been made. The variation is therefore performed over the full ±100% range. The effect of these variations on A RAW gives rise to a Gaussian distribution centred at −0.2% with a standard deviation of 0.7%, thus a correction of ∆A bkg = (−0.2 ± 0.7)% is applied. The systematic uncertainty from the signal modelling is evaluated using a similar procedure and is found to be negligible. The possible double misidentification (K − π + → π − K + ) in the final state would induce a dilution of the measured raw asymmetry. This is evaluated using simulated events and is also found to be negligible.
An instrumental bias can be caused by the vertical magnetic field, which deflects oppositely-charged particles into different regions of the detector. Any non-uniformity of the instrumental performance could introduce a bias in the asymmetry measurement. This potential bias is experimentally reduced by regularly changing the polarity of the magnetic field during data taking. As the integrated luminosity is slightly different for the "up" and "down" polarities, a residual bias could remain. This bias is studied by comparing the CP asymmetry measured separately in each of the samples collected with opposite magnet polarity, up or down. Table 3 summarises the CP asymmetry and the number of signal candidates for the two magnet polarities. The asymmetries with the two different polarities are determined to be compatible within the statistical uncertainties and the luminosity-weighted average, A RAW = (0.4 ± 1.7)%, is in good agreement with the CP asymmetry measured in the full data sample. The residual bias can be extracted from the polarity-split asymmetry as
which is found to be consistent with zero ∆A M = (+0.1 ± 0.2) %. The raw asymmetry obtained from the fit is corrected by ∆A bkg and ∆A M . The detection asymmetry can be defined in terms of the detection efficiencies of the charge-conjugate final states by
The related asymmetries have been studied at LHCb using control samples of charm decays [27] . It has been found that for Kπ pairs in the kinematic range relevant for our analysis the detection asymmetry is A D (Kπ) = (−1.0 ± 0.2)%. The B production asymmetry is defined in terms of the different production rates
and has been measured at LHCb to be A P (B 0 ) = (1.0 ± 1.3)% using large samples of B 0 → J/ψ K * 0 decays [27] . The contribution of the production asymmetry to the measured CP asymmetry is diluted by a factor κ, defined as
where ∆m d and ∆Γ d are the mass difference and the decay width difference between the mass eigenstates of the B 0 − B 0 system, Γ d is the average of their decay widths and ǫ(t) is the decay-time acceptance function of the signal selection. The latter has been determined from data using the decay-time distribution of background-subtracted signal candidates, the known B 0 lifetime and assuming ∆Γ d = 0. The dilution factor is found to be κ = 0.41 ± 0.04, where the uncertainty comes from knowledge of the acceptance function parameters as well as Γ d and ∆m d . Adding the above corrections, which are summarised in Table 4 , to the raw asymmetry, the direct CP asymmetry in B 0 → K * 0 γ decays is measured to be A CP (B 0 → K * 0 γ) = (0.8 ± 1.7 (stat.) ± 0.9 (syst.))% .
Results and conclusions
Using an integrated luminosity of 1.0 fb −1 of pp collision data collected by the LHCb experiment at a centre-of-mass energy of √ s = 7 TeV, the ratio of branching fractions between B 0 → K * 0 γ and B . This is the most precise measurement to date and is consistent with, but supersedes, a previous LHCb result using an integrated luminosity of 0.37 fb −1 [11]. The direct CP asymmetry in B 0 → K * 0 γ decays has also been measured with the same data sample and found to be A CP (B 0 → K * 0 γ) = (0.8 ± 1.7 (stat.) ± 0.9 (syst.))% , in agreement with the SM expectation of (−0.61 ± 0.43) % [8]. This is consistent with previous measurements [5] , and is the most precise result of the direct CP asymmetry in B 0 → K * 0 γ decays to date.
